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Circoviruses are among the smallest and simplest of all viruses, but they are relatively poorly characterized. Here, we intensively
sampled two sympatric parrot populations fromMauritius over a period of 11 years and screened for the circovirus Beak and
feather disease virus (BFDV). During the sampling period, a severe outbreak of psittacine beak and feather disease, which is
caused by BFDV, occurred in Echo parakeets. Consequently, this data set presents an ideal system for studying the evolution of a
pathogen in a natural population and to understand the adaptive changes that cause outbreaks. Unexpectedly, we discovered
that the outbreak was most likely caused by changes in functionally important regions of the normally conserved replication-
associated protein gene and not the immunogenic capsid. Moreover, these mutations were completely fixed in the Echo parakeet
host population very shortly after the outbreak. Several capsid alleles were linked to the replication-associated protein outbreak
allele, suggesting that whereas the key changes occurred in the latter, the scope of the outbreak and the selective sweepmay have
been influenced by positive selection in the capsid. We found evidence for viral transmission between the two host populations
though evidence for the invasive species as the source of the outbreak was equivocal. Finally, the high evolutionary rate that we
estimated shows how rapidly new variation can arise in BFDV and is consistent with recent results from other small single-
stranded DNA viruses.
Managing the effects of virally mediated infectious disease inhost populations requires an understanding of how these
pathogens evolve. Rapid evolution and selection can enable a virus
to escape immune recognition and to reinfect individuals that
have been previously exposed. However, logistical difficulties in
surveying wild populations may undermine our ability to under-
stand evolution in pathogens that do not infect humans or domes-
tic livestock. Endangered species, which are often monitored and
regularly sampled over long periods of time, offer a resolution.
Using a data set of samples collected over 11 years from two pop-
ulations of parrot, the endangered Echo parakeet (Psittacula echo)
and the rose-ringed parakeet (Psittacula krameri), and from both
symptomatic and asymptomatic birds, we tracked the evolution of
Beak and feather disease virus (BFDV) before, during, and after a
significant disease outbreak.
BFDV (family Circoviridae) is one of the most common infec-
tions of parrots (57). It is a small and simple virus with a circular,
ambisense ssDNA genome of around 2,000 nucleotides encoding
two products of known function (52). Open reading frame 1
(ORF1) encodes the replication-associated protein Rep, which is
responsible for viral replication (16) and has been shown to be
highly conserved (23, 30, 34). ORF2 encodes a capsid protein re-
sponsible for encapsidation of the virus and its entry into the cell
via cell surface receptors (37, 38, 52). Another protein and other
ORFs have been putatively identified, but they are not consistently
present (3, 4, 9, 51, 52). The virus has been shown to be environ-
mentally stable (61) andmay be transmitted both horizontally and
vertically (18, 48, 63). Infection by BFDV leads to psittacine beak
and feather disease (PBFD), which is characterized by immuno-
suppression, feather dystrophy, and, in some species, beak defor-
mity (33, 41, 51, 52).
The Echo parakeet is an endangered parrot species endemic to
the Indian Ocean island of Mauritius. By the early 1980s, this
species had declined to such a degree (around 20 individuals) that
it was regarded as the world’s rarest parrot (28). Intervention by a
conservation program has resulted in a period of population
growth over the last decade, with the number of birds currently
estimated at around 500. Between 2005 and 2006 the recovery was
interrupted by the presence of a pathogen; a large proportion of
the population showed clinical signs consistent with PBFD. One
suspected source of infection in the Echo parakeets is a population
of feral rose-ringed parakeets. Since being founded in about 1886
(6), this population has grown rapidly to number over 10,000
birds and is widespread throughout Mauritius. In the context of
infectious disease, invasive species represent an especially perni-
cious problem. Besides the potential for introducing novel patho-
gens and pathogen strains for which the endemic speciesmay have
no immunity, in such large and growing host populations natural
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selectionwill tend to favor pathogen virulence (5). The presence of
such a large pathogen reservoir can also result in a persistence of
disease outbreaks in small endemic host populations through a
pattern of constant reinfection.
Since 1993, on an almost annual basis, a conservation program
has collected blood samples from the Echo parakeet population.
By chance, the sampling periods have encompassed the PBFD
outbreak, and consequently this archive presents a novel oppor-
tunity to monitor the evolution of a pathogen in a natural host
population before, during, and after an outbreak. By reconstruct-
ing the phylogenetic history of BFDV in the Echo parakeet popu-
lation, we aimed to identify the mutation(s) that may have led to
the outbreak. Since the circovirus capsid is immunogenic (17), we
expected the outbreak to be defined by mutations in the capsid
gene and for codons in this gene to show evidence for positive
selection (as opposed to the rep, which should be conserved due to
its critical role in replication). We reconstruct the BFDV phylog-
eny using isolates from both parrot populations to identify any
evidence for transmission and in particular for any indication that
the outbreak was caused by the invasive species. Finally, we take
advantage of our extensive time-stamped archive of samples to
estimate the evolutionary rate of BFDV. Recent evidence from
studies of other single-stranded DNA (ssDNA) viruses suggests
that these pathogens are characterized by high rates of evolution,
on a par with single-stranded RNA (ssRNA) viruses (14, 55, 56).
MATERIALS AND METHODS
Sampling and DNA extraction. Blood samples were taken during each
breeding season (September to May) from Echo parakeets and feral rose-
ringed parakeets between 1993 and 1998 and between 2003 and 2009
(there was no sampling between 1999 and 2002 due to no obvious pres-
ence of disease). The field teams involved in sampling the birds followed
strict anticontamination protocols, including soaking all field equipment
inVirkon for 48 h between visits to different host nest sites. Since 2004 this
sampling was carried out regardless of apparent disease status and repre-
sented between 22 and 41% of the known population of Echo parakeets
each season. In total, 592 Echo parakeets and 125 feral rose-ringed para-
keets were sampled. DNAwas extracted from 50 to 100l of whole blood
using a standard phenol-chloroform extraction protocol (54). An extrac-
tion blank was included to check that there was no contamination.
PCR and sequencing. We screened for BFDV using a PCR assay tar-
geting a 717-bp region of ORF1 (rep gene) (65). The reaction volume
comprised 1l of DNA extracted from parrot blood, 2.5l of NH4 buffer
(10), 0.75 l of MgCl2 (50 mM), 0.5 l of each primer at 25 pmol/l
(primers 2 and 4 [65]), and 0.2l of Taq polymerase (5 U/l) made up to
25 l with DNA-grade water. Reactions were run as follows: 92°C for 3
min, followed by 30 cycles of 92°C for 30 s, 57°C for 30 s and 72°C for 45 s,
with a final 10 min at 72°C. We included the extraction blank and a
negative control in all of the PCRs to check for contamination. Of the 163
Echo parakeet samples that tested positive, 74 were sequenced at ORF1 by
Macrogen (Korea) using BigDye terminator reactions. Of the 46 rose-
ringed parakeet samples that tested positive, 31 were sequenced at ORF1.
We targeted a 765-bp region comprisingmost of ORF2 (capsid gene) (23)
in samples that tested positive for the presence of BFDV. The reaction
volumes and cycling conditions were identical to the ORF1 PCR except
for the annealing temperature, which was reduced to 54°C.We sequenced
47 Echo parakeet and 31 rose-ringed parakeet BFDV isolates at ORF2.
Data Analyses. Sequences were aligned using the program ClustalX
(32); no insertions or deletions were inferred from the alignments. Bayes-
ian phylogenetic trees, the evolutionary rate, and the time to most recent
common ancestor (TMRCA) were inferred using the program Beast,
v1.6.1 (12). Two independent Monte Carlo-Markov chains were run for
200,000,000 iterations for each gene under a number of different nucleo-
tide substitution models and tree priors with a thinning of 20,000. The
Bayesian skyline coalescent demographic prior was used since it allows for
temporal changes in population size (13). Runs were checked for conver-
gence and that a reasonable effective sample size (ESS  200) had been
reached for all parameters. Runs were combined using LogCombiner
(v1.6.1) and Bayes’ factors (29) and parameter values obtained using
Tracer (v1.5). TreeAnnotator, version 1.6.1, was used to obtain the tree
with the highest clade credibility and the posterior probabilities for each
node. For both genes Bayes’ factor analysis indicated a general-time-re-
versible model of nucleotide substitution with a gamma-shaped rate vari-
ation and a proportion of invariable sites (GTRI; identification of
the best model was confirmed using the program jModelTest [46]). The
evolutionary rate was inferred under a relaxed (uncorrelated exponential
and uncorrelated lognormal) and strict clock. We also concatenated the
two BFDV genes and repeated the Beast analyses (GTRI was identi-
fied as the bestmodel of evolution). The programPath-O-Gen (http://tree
.bio.ed.ac.uk/software/pathogen/), which regresses the root-to-tip dis-
tance against sampling date, was used to assess the “clock-likeness” of
the capsid and rep genes, using neighbor-joined trees inferred by PAUP
4.0 (61). Phylogenetic trees were visualized and drawn using Tree-
Graph 2 (60).
We tested for evidence of recombination using the programs SBP
and GARD (44) on the Datamonkey webserver (10), and the Bootscan,
GENECONV, RDP, and SiScanmethods contained in the RDP3 program
(35). The SBP and GARD analyses were run under a range of models of
nucleotide substitution and rate variation. The RDP3 program analyses
were carried out using the default parameters.
To look for evidence of positive selection (where the selection param-
eter , which represents the ratio of the nonsynonymous and synony-
mous substitution rates, is greater than 1), we used a number of methods.
We used the likelihood ratio method of Goldman and Yang (19) imple-
mented inPAML4.4 (64).We comparedmodelM7,which only allows the
 ratio to take values between zero and unity, to the selection model M8,
which has an extra site class, a free  ratio. We also used the methods
implemented in the programs FEL and SLAC (43) on the Datamonkey
webserver to look for positive selection (having already screened the data
for recombination). Finally, to look for episodic positive selectionwe used
the MEME method (45), which identifies sites where a proportion of
branches have evolved under positive selection.
To investigate the possible effect of synonymous substitutions on
DNA folding, we generated secondary structure predictions for both
BFDV genes using the web-based RNAfold webserver (http://rna.tbi
.univie.ac.at/cgi-bin/RNAfold.cgi) with the DNA parameters (21).
RESULTS
Changes in BFDV in Echo parakeet host population. Analyses
using microsatellite DNA, cytochrome b, and cytochrome c oxi-
dase subunit I (COI) loci amplified from the host (data not
shown) indicated no obvious evidence for cross-contamination
between host individuals or species. All sequences derived from
the present study have been submitted to GenBank under the
following accession numbers: HQ641457 to HQ641563 and
HQ662336 to HQ662409. To identify the mutations that may
have elicited the 2005/2006 season (2005/06) PBFD outbreak, we
constructed phylogenies using the Echo parakeet BFDV isolates.
We found no significant evidence for recombination using any
method and, consequently, the capsid and rep genes were concat-
enated to produce the dated phylogeny of Echo parakeet isolates
shown in Fig. 1 (inferred using a relaxed lognormal molecular
clock; the frequency histogramof themean coefficient of variation
[mean CoV 1.09] does not sit against zero, indicating rate het-
erogeneity). Of the isolates sampled during the PBFD outbreak,
the majority (37 of 42) group together within one large clade
(highlighted by the gray box). All of the isolates collected after this
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period are also found in this clade. In contrast to the exception of
an isolate collected in 2004/05, all of the isolates that predated the
outbreak were found outside of the highlighted clade. The clade
support values indicate good evidence for this differentiation of
BFDV isolates sampled prior to the PBFD outbreak from those
sampled during and afterwards, although they also indicate that
there is no clear pattern of genetic differentiation within the high-
lighted clade. Of the 10 mutations that appear to differentiate the
highlighted clade from the remaining isolates eight occur in the
rep gene, twoofwhich are nonsynonymous substitutions. The first
is a mutation within a potential pyrophosphatase domain (38),
giving rise to a histidine residue (from tyrosine) at codon 14. The
second occurs at codon 34, which is in a rolling-circle replication
motif (26), andwas a substitution from a phenylalanine residue to
a leucine (both changes have been highlighted in Fig. 1). The cap-
sid gene had just two substitutions, both synonymous, that clearly
differentiated the twophylogenetic groups.However, we observed
eight polymorphic sites with nonsynonymous changes involving
more than one isolate of which codons 88, 148, 167, 176, and 234
appeared to be particularly variable (these are mapped onto Fig.
1). The pattern of changes indicates that prior to 2005 the
“14Y34F” rep and “88T148V176E167L234M” capsid alleles were
present in the majority of Echo parakeet isolates. From early 2005
a new rep allele, “14H34L,” appears in the population and repre-
sents almost all of the isolates sampled during and after the PBFD
outbreak; after February 2006, the “14Y34F” rep allele is no longer
present. Multiple capsid alleles are evident both during and after
the outbreak, including the “88T148V176E167L234M” allele that
was present in the population before 2005.
Epidemic history. A Bayesian skyline plot depicting the in-
ferred effective number of BFDV infections in the Echo parakeet
population over time is shown in Fig. 2a (from the Beast analysis
FIG 1 Maximum clade credibility tree showing the inferred phylogenetic relationships between BFDV isolates collected from the Echo parakeet population
(fromBayesian analysis of the capsid and rep genes using Beast). The tips are labeledwith the Echo parakeet breeding season fromwhich the sample was collected.
The tree was automatically rooted by using a relaxed clock model in Beast. Nodes with posterior probability of 0.9 are indicated with asterisks and with a
double-dagger for P  0.7. The dark grey vertical bar highlights the 2005/06 PBFD outbreak season. Inferred nonsynonymous substitutions at codons in the
replicase (in boldface) and capsid (in italics) are indicated at the appropriate lineages (where themajority of isolates in a clade possess a particular substitution then
the ancestral node has been labeled). The clade highlighted by the gray box represents all of the isolateswith the 14Hand 34L replicase gene substitutions identified
by the present study as closely corresponding to the PBFD outbreak. The estimated mean TMRCA for all of the isolates is 1959 (95% HPD 1920 and 1988).
Evolution of BFDV in a Major Disease Outbreak
May 2012 Volume 86 Number 9 jvi.asm.org 5223
used to infer the phylogenetic relationships in Fig. 1). The skyline
plot, which gives an indication of change in viral diversity over
time (13), indicates no evidence for any change from the esti-
mated TMRCA (1959 [95% HPD  1920 to 1987]) until 2004
when there is a period of exponential decline (labeled as “A”). This
decline continues until approximately the middle of the PBFD
outbreak, after which there is a period of increase (labeled “B”).
The skyline plots inferred for each gene separately show a similar
pattern to that in Fig. 2a (data not shown). The estimated nucle-
otide diversity () of BFDV in eachEchoparakeet breeding season
from 2004/05 is shown in Fig. 2b (alongside the prevalence); we
did not calculate  for previous seasons since there were too few
isolates to obtain a reliable estimate. The pattern is consistent with
that indicated by the skyline plot and shows a decline in genetic
diversity during the outbreak (  0.0064, standard deviation
[SD]  0.0013) and in season 2006/07 (  0.0019, SD  0)
compared to that estimated from 2004/05 (  0.012, SD 
0.005).
Transmission between the Echo parakeet and feral rose-
ringed parakeet population. Figure 3 shows the phylogenetic re-
lationships among BFDV isolates fromboth parrot populations in
Mauritius (also inferred using the relaxed molecular clock since
FIG 2 Prevalence and nucleotide diversity (average number of nucleotide differences per site) of BFDV in the Echo parakeets. (a) Bayesian skyline plot showing
the effective number of BFDV infections in the Echo parakeet population since the estimated mean TMRCA (in 1959). The plot shows a period of exponential
decline in viral diversity (highlighted as “A”) coinciding with the 2005/06 PBFDoutbreak (highlighted by gray shading), followed by a subsequent increase (“B”).
(b) Number of infected and uninfected Echo parakeets for the breeding seasons between 1993 and 1998 and between 2003 and 2009 (the estimated prevalence
of BFDV per season from 2004 is also indicated). The estimated nucleotide diversity of BFDV is also shown from the 2004/05 season and indicates a reduction
in genetic diversity during the PBFD outbreak and the following season (2006/07).
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the frequency histogram for the coefficient of variation indicated
evidence against the strict clock); for ease of visualization, we do
not include all Echo parakeet isolates but instead retain 15 isolates
representative of the polymorphisms identified in Fig. 1. The rose-
ringed parakeet isolates, which in Fig. 3 are indicated by “(R),”
form two clades: the majority are closely related to the Echo par-
akeet viral isolates carrying the 14Y34F rep allele, i.e., those that
were identified from Fig. 1 to not correspond to the PBFD out-
break. This group includes rose-ringed parakeets sampled at the
same time as the PBFD outbreak in the Echo parakeet population.
The second group (highlighted by the gray box), comprising just
three isolates, have the 14H34L rep allele that appears to closely
correspond to the outbreak. This second group also shares some
of the synonymous substitutions that correspond to the PBFD
outbreak; one isolate shares three of six of the rep gene substitu-
tions and two others each carry one of the capsid gene substitu-
tions. The five sites in the capsid gene that we observed to be
particularly polymorphic in the Echoparakeet isolates (codons 88,
148, 167, 176, and 234) appeared to be much less variable in the
rose-ringed parakeet isolates. Only codons 148 and 167 showed
nonsynonymous polymorphism.
Positive selection in the BFDV genes. Table 1 shows the pos-
itively selected sites inferred by the FEL, PAML, and SLAC meth-
ods. These analyses failed to find any significant evidence for pos-
itive selection in either the capsid gene of rose-ringed parakeet
isolates or the rep gene of Echo parakeet isolates. Four of the five
capsid gene polymorphisms highlighted in Fig. 1 have been iden-
tified as positively selected, but inconsistently across the three
methods: codons 167 and 176 by PAML (significant evidence
[1%] in favor of the selection model, M8, over M7 2L 10.714,
v 2, where 2L is the test statistic and v is the number of degrees
of freedom), codon 148 by FEL and codon 234 by SLAC. The
polymorphic sites in the replicase gene that we identified as most
closely associated with the PBFD outbreak, 14 and 34, have not
been identified by any method. The substitution counts deter-
mined by SLAC showed that except for sites 88, 167, and 176, there
is no evidence for synonymous substitutions at any of the sites in
Fig. 1. The phylogenetic pattern of these substitutions (Fig. 1)
FIG 3 Phylogenetic relationships between BFDV isolates from the Echo parakeet and rose-ringed parakeet inferred from Bayesian analysis using Beast (the tree
was automatically rooted using a relaxed clockmodel). Nodes with a posterior probability of0.9 are indicatedwith an asterisk andwith a double dagger for P
0.7. Inferred nonsynonymous substitutions at codons in the replicase (in boldface) and capsid (in italics) genes are indicated. To ease visualization, we include
only 15 isolates from the Echo parakeet population representing all of the major genotypes identified in Fig. 1. Isolates from rose-ringed parakeets are indicated
by the suffix “(R)”. As in Fig. 1, the gray-shaded box represents all of the isolates with the 14H and 34L replicase gene substitutions identified as corresponding
to the outbreak. The estimated mean TMRCA for all sequences is 1949 (95% HPD 1899 and 1983).
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suggests that tests of episodic selection may be more appropriate
than the site-prediction methods in FEL, PAML, and SLAC. The
results of the MEME analyses for episodic selection (Table 1) in-
dicate that seven codons in the capsid (including sites 148, 167,
176, and 234) and one in the rep gene showed evidence of periods
of positive selection in the evolutionary history of BFDV in the
Echo parakeets. Codons 14 and 34 in the rep have not been iden-
tified.
Secondary structure in BFDV genes. Previous studies have
highlighted the selection potential of synonymous substitutions in
viruses with highly compact genomes primarily as a consequence
of their effect on the formation of secondary structure. Indeed,
analyses of the intergenic region between ORF1 and ORF2 in
BFDV and the related porcine circovirus have identified a putative
stem-loop structure that may be involved in replication (3, 59).
Eight of the substitutions that closely correspond to the PBFD
outbreak were synonymous, and we investigated their effects
upon the predicted secondary structure (data not shown). Of the
two observed in the capsid, only the substitution at codon 174 has
an effect, resulting in the formation of a number of additional
stem-loop structures. We observed the synonymous substitution
at codon 121 in the rep gene to have aminimal and localized effect
altering a predicted loop structure. Substitutions at codons 54 and
84have even smaller effects, resulting inminor changes to the loop
structures that these sites occur in. The remaining substitutions
appear to have no effect whatsoever.
Evolutionary rate of BFDVgenes.Across all of the clockmod-
els, themean evolutionary rate estimates varied only slightly (data
not shown), falling within a narrow range between 104 and 103
substitutions per site per year, which is high but consistent with
rates estimated from other ssDNA and ssRNA viruses (15). The
coefficient of variation histograms indicated that for the Echo par-
akeet isolates there is not sufficient evidence to reject the strict
clock, but there is for the rose-ringed parakeet isolates. Table 2
shows the rate estimated from the strict clock for the Echo para-
keet isolates and the relaxed clock (uncorrelated lognormal) for
the rose-ringed isolates. The inferred rates do not differ substan-
tially between the two genes or between the two host populations,
although the 95%HPD intervals for the capsid gene analyses from
rose-ringed isolates are verywide, suggesting that theremaynot be
very much temporal structure. Given the phylogenetic evidence
for allele-sharing between the two host populations, we also esti-
mated the rate based on the combined data where there was suf-
ficient evidence to reject the strict molecular clock for the rep gene
but not for the capsid gene.
To assess the level of clock-like evolution in the data, we re-
gressed the root-to-tip genetic distances, inferred from neighbor-
joined trees, against sampling time by using Path-O-Gen. The
results indicate that there is good evidence for temporal signal in
the capsid gene but not in the replicase: (i) Echo parakeet isolate
capsid gene, r2  0.625, residual mean square (rms)  3.23 
106, and replicase gene, r2 0.122, rms 1.55 106, and (ii)
rose-ringed parakeet isolate capsid gene, r2 0.461, rms 4.32
105, and replicase gene, r2 0.073, rms 7.21 107. Following
Duffy and Holmes (14), to assess the temporal structure of the
evolutionary rate, analyses were repeated for each data set, but
with the sampling dates randomly shuffled among the tips. In
both genes of the Echo parakeet isolates the actual estimatedmean
TABLE 1 Positively selected sites in the BFDV genes of the Echo parakeet and feral rose-ringed parakeet isolates inferred by a number of methodsa
Species Gene
No. of
sequences
Codon(s)
PAML, model M8 (; P) FEL (; P) SLAC (; P) MEME (P)
Echo parakeet capsid 50 167 (3.8; 0.99), 176
(10.3; 0.99)
126 (; 0.03),
148 (; 0.05)
234 (7.28; 0.04) 36 (0.09), 121 (0.005), 126 (0.001),
148 (0.02), 167 (0.07), 176
(0.07), 234 (0.03)
rep 73 No sites No sites No sites 8 (0.06)
Rose-ringed parakeet capsid 23 No sites No sites No sites 60 (0.03), 246 (0.01)
rep 34 227 (2.26; 0.95 [NS]) 180 (, 0.08) No sites 159 (0.08), 180 (0.05)
a The number of sequences in the analysis is specified.  is the selection parameter, and P the posterior probability of  1. NS, not significant. The PAML, FEL, SLAC, and
MEME methods are described in the text.
TABLE 2 Mean evolutionary rate and the 95% HPD intervals estimated for the capsid and replicase genes of BFDV isolates from Echo and feral
rose-ringed parakeetsa
Host species Gene Clock model
Mean evolutionary
rate (per site/yr)
95% HPD interval
Lower Upper
Echo parakeet capsid Strict 1.01 103 5.63 104 1.44 103
rep Strict 3.44 104 1.39 104 5.67 104
Rose-ringed parakeet capsid Relaxed (ULN) 5.50 103 1.99 106 9.63 103
rep Relaxed (ULN) 2.75 103 7.31 104 4.44 103
Combined data set capsid Relaxed (ULN) 1.08 103 6.15 104 1.63 103
rep Relaxed (ULN) 4.74 104 1.65 104 8.31 104
a Estimates obtained by combining the data from the two host populations are also shown. For each data set, we only included results from the significant clock model, i.e., the strict
clock was rejected for the rose-ringed and combined datasets (in favor of the relaxed uncorrelated lognormal clock [ULN], which had a higher marginal likelihood than the relaxed
uncorrelated exponential clock).
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evolutionary rates do not coincidewith the 95%HPD intervals for
any of the randomized runs, indicating that there is good temporal
structure (Fig. 4). In contrast, there is little difference between the
estimated evolutionary rates from the rose-ringed parakeet iso-
lates and their randomized results, suggesting that there is no tem-
poral structure. Taken together, these results suggest that the high
evolutionary rate estimated from theBFDV capsid gene fromEcho
parakeet isolates is well supported. There is marginal support for
the rate estimated from the rep gene in the Echo parakeet isolates
but no support for the results from the rose-ringed parakeet
BFDV data.
DISCUSSION
The pattern of changes that we observed in the rep gene suggests that
there was amajor selective sweep of BFDVmutations that coincided
with the outbreak of PBFD in the Echo parakeet. The speed and ex-
tent of this sweep is such that the rep allele occurring prior to the
outbreak appears to be completely absent in the season immediately
afterward. A number of factors may have contributed to the scope
and rapidity of the sweep, including the environmental stability of
circoviruses (62), both vertical andhorizontalmodes of transmission
(18, 48, 63), and host population dynamics (infection in a small pop-
ulation of a highly gregarious species).
Of course, the pattern of changes observed in repmay represent
stochastic events rather than the effects of natural selection. In addi-
tion, we observed a significant decline in viral diversity at bothBFDV
genes and events that reduce variation may be demographic, e.g.,
bottlenecks, which increase the rate of drift, or selective, sweeps are
characterized by a rapid reduction in variability at linked loci (7, 36).
Since the fixation of rep alleles occurred during an outbreak, we sug-
gest that strongdirectional selection foradaptive changeswas respon-
sible rather than drift. Moreover, no significant declines have been
observed in the Echo parakeet population since 1993 and analyses of
the host genetic diversity usingmicrosatellite DNA loci has not iden-
tified any significant evidence for a secondary bottleneck (49). Al-
though changes in viral coat proteins aremost commonly associated
withdiseaseoutbreaks,mutations inviral replicationgeneshavebeen
shown to result in increased replication activity and virulence (20,
53). It is notable that the changes that we observed occur in poten-
tially important regions (a pyrophosphatase domain and a rolling-
circle replication motif). It is still possible that the rep gene changes
that we observed are nonadaptive and have simply been “carried”
through a sweep by genetic hitchhiking to othermutations. The reg-
ularity of our sampling suggests that it is unlikely that wemissed any
other key mutations, and the phylogenetic pattern of nonsynony-
mous changes in the capsid gene does not correspond as well to the
chronology of the outbreak. However, we did observe a number of
synonymous substitutions in both BFDV genes that also correspond
to the appearance of the PBFD outbreak. Previous studies in RNA
viruses, particularly those carrying a positive-stranded genome, have
indicated that synonymous substitutionsmay be under selection, of-
tenas a consequenceof their impactuponsecondary structure,which
itself can affect translation and gene expression (39, 58, 8). Small
ssDNAvirusesmaybehave in a similarway, andour analyses indicate
that twoof the synonymoussubstitutions thatweobserved,one in the
capsid gene and the other in the rep gene, may indeed affect the sec-
ondary structure. However, a recent experimental analysis of synon-
ymous substitutions in viruses found thatwhile theymayhave signif-
icant fitness effects in ssRNA viruses, the same may not be true for
ssDNA viruses, where the effect appears to be considerably dimin-
ished (8). These observations, taken together, suggest that the two
nonsynonymous substitutions in the rep gene at codons 14 and 34
remain themost plausible explanation for the PBFD outbreak in the
Echo parakeets, although ultimately some degree of experimental
validation to ascertain their functional relevancewill be needed.Cur-
rently, it is difficult to conceive of how thismay be achieved since our
study system includes a critically endangered host species and a virus
for which there is currently no cell culture system (24).
While adaptive changes in the rep gene appear to be the likeliest
explanation for the PBFD outbreak, the presence of variation in
the capsidmay also have been important. The analyses showed the
presence of multiple capsid alleles linked to the outbreak, and
almost 10% of the gene showed some level of nonsynonymous
diversity. Mutations in capsid proteins can affect a virus’ ability to
avoid the immune system and cause infection. Consequently, it
may be that while the outbreak was elicited by changes in the rep
gene, variation in the capsid gene was an additional factor in the
dissemination of the virus.
Our analyses indicated little consistent evidence for positive
selection despite the presence of potentially adaptive mutations.
Although current site prediction methods arguably represent the
most rigorous tools for analyzing selection in DNA sequences (2),
it has been suggested that the statistical methods that underpin
them have some limitations (40). Specifically, many of these
methods require considerable sequence divergence (1) and have
difficulty in identifying rare mutational events that are adaptive
(40). The phylogenetic analyses suggest that the nonsynonymous
substitutions in the rep gene that we have identified asmost closely
FIG 4 Evolutionary rate of the capsid and rep BFDV genes (mean and 95%
HPD) estimated from the true dates of sample isolation (labeled as the “T” data
point) and from the shuffled dates of isolation. Analyses using the shuffled
dates were performed using a GTRI model of evolution and a relaxed
(uncorrelated lognormal) molecular clock. (a) Results from the Echo parakeet
data set indicate no overlap between the estimates from the true dates and from
the shuffled dates, indicating good temporal signal. (b) Results from the rose-
ringed parakeet isolates indicate no clear temporal signal.
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linked to the outbreak arose only once. These sites also had no
other nonsynonymous variation, i.e., they are characterized by a
pattern of selective neutrality or purifying selection punctuated by
a single potentially adaptive event. The results thus seemingly cor-
roborate previous studies suggesting that site prediction methods
may be inappropriate for detecting rare adaptive events, including
those that have gone through a major selective sweep. Given the
role of the capsid, adaptive changes are expected to be compara-
tively frequent and thus more detectable. A previous study of
BFDV did indeed identify evidence of positive selection in this
gene, albeit using only a single method of analysis (23). However,
even here our results were not unequivocal across three of the
site-prediction methods that we used (FEL, PAML, and SLAC). The
fourth method for detecting selection, MEME, attempts to identify
sites that have periodically experienced positive selection over their
evolution (45). The majority of the polymorphic sites that we docu-
ment in Fig. 1 were identified by this method, suggesting that the
evolution of the capsid gene is characterized by episodic positive se-
lection. This is consistent with a pattern of frequency-dependent se-
lection, which is often observed in the dynamic between pathogens
and the host immune system (11, 31, 42, 47).
Considering the proximity of the two parrot populations in
Mauritius and the recent common ancestry of the host species
(22), we expected to find good evidence for viral transmission.
Indeed, the phylogenetic analyses indicated the presence of BFDV
allele sharing between the two populations. Although the litera-
ture (28) and field reports indicate behavioral and ecological sep-
aration between the parrot populations inMauritius, the environ-
mental stability of BFDV (62) means that the virus still can be
indirectly transmitted. The most recent common ancestor for all
Echo parakeet isolates dates to around 1959 (or 1949 when the
rose-ringed isolates are included in the analysis), which approxi-
mately coincides with a period when the rose-ringed parakeet
started expanding into native forest, coming into direct competi-
tion with the Echo parakeet for nest sites (6). Interestingly, the
oldest rose-ringed parakeet isolate was taken from a bird housed
in aviaries that were central to the initial recovery of the Echo
parakeets. Thus, the apparent transmission of BFDV actually may
in some cases be attributable to human intervention. Although the
evidence for viral transmission between the two parrot popula-
tions appears to be clear, the evidence for the rose-ringed para-
keets being the source of the PBFD outbreak is more equivocal.
We only identified three rose-ringed parakeet isolates that pos-
sessed the 14H34L rep allele, and all of themwere collected at least
one season after the outbreak. One possibility is that the muta-
tions responsible for the outbreak originated in the Echo parakeet
populationwith subsequent transmission to the rose-ringed popula-
tion. Indeed, one of the three rose-ringed isolates was collected from
an individual that most likely became infected after indirect contact
with the endemic population (it was found in an Echo parakeet nest
in the 2006/07 season). Nevertheless, given the considerable size and
distribution of the invasive population, it undoubtedly remains the
likeliest source of thePBFDoutbreak in theEchoparakeets. Itmaybe
that our sampling of this population prior to 2005/06 was not suffi-
cient to identify the 14H34Lmutations.
Documented evolutionary rates for ssDNA viruses are very
comparable to those of RNA viruses (15, 50, 55, 56). It has been
suggested that ssDNA viruses may tolerate such high rates since
their generally small genome size may be less likely to accumulate
deleterious mutations (25). The only previous study to have esti-
mated an evolutionary rate for theCircoviridae (27) suggested that
this group of viruses have an evolutionary rate only about three
times higher than that of the vertebrate host. Clearly, this rate is
lower than that implied by our study and appears contrary to the
relationship between viral genome size and evolutionary rate;
circoviruses have the smallest genomes of all knownDNA viruses.
However, Holmes (25) points to a number of flaws in the Johne et
al. study (27), including the limited number of host species and
the presence of within host genetic diversity. A caveat to our own
findings is the potential effect of the background mutation rate to
inflate our estimates for the evolutionary rate. It is possible that
some of the variation identified here may be from deleterious
mutations that have yet to reach fixation. The randomization
analyses of the rose-ringed parakeet isolates suggested that there is
insufficient support for the evolutionary rate inferred from this
data set. However, our analyses suggest that the rate estimated
from the BFDV capsid gene in the Echo parakeet isolates is well
supported. This result indicates that as with other ssDNA viruses,
BFDV has a high evolutionary rate.
Concluding remarks. The growing impact of emerging infec-
tious disease in humans, livestock, and endangered species has
increased the importance of understanding the changes that can
elicit an outbreak and how a pathogen subsequently evolves dur-
ing such a disease. Although infectious disease in endangered pop-
ulations represents a major problem for biodiversity, such events
also present an excellent opportunity to resolve evolutionary pat-
terns in pathogens. Populations such as the Echo parakeet, which
have been sampled in a frequent and unbiased (in terms of dis-
ease) fashion, enable studies to access a level of detail not normally
possible in a natural population.
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